A planar converter containing quantum dots as wavelength-shifting moieties on top of a solar cell were studied. The highly efficient quantum dots are to shift the wavelengths where the spectral response of the solar cell is low to wavelengths where the spectral response is high, in order to improve the conversion efficiency of the solar cell. It was calculated that quantum dots with an emission at 603 nm increase the multi-crystalline solar cell short-circuit current by nearly 10%. Simulation results for planar converters on hydrogenated amorphous silicon solar cells show no beneficial effects, due to the high spectral response at low wavelength.
Introduction
The fundamental spectral losses in a single-junction solar cell made of semiconductor material such as silicon can be as large as 50%. This is a result of the mismatch between the incident solar spectrum and the spectral absorption properties of the material [1] . Large parts of the solar spectrum are not absorbed, because of the existence of a band gap E g of the material. Photons with energy E ph larger than the band gap are absorbed, but the excess energy E ph −E g is not used effectively due to thermalization of the electrons. Photons with E ph < E g are not absorbed. Several routes have been proposed to overcome this intrinsic property of semiconductor solar cells and thereby increasing the power output of solar cells. All these methods or concepts concentrate on a much better use of the solar spectrum and are in general referred to as third generation photovoltaics [2] .
Single-junction solar cells optimally perform under monochromatic light of a wavelength λ opt 1240/E g . For (multi)crystalline silicon (mc-Si) solar cells λ opt = 1100 nm (with E g = 1.1 eV); for hydrogenated amorphous silicon (a-Si : H) the optimum wavelength is λ opt = 700 nm (with E g = 1.77 eV). As amorphous silicon solar cells only contain a thin absorber layer, the optimum spectrum response occurs at about 550 nm [3, 4] . The conversion efficiency of these types of cells measured at incident monochromatic light of 550 nm can be as high as 20%, in contrast to the observed AM1.5G efficiency of 10% [5] . In organic dyes cells, the iodine in the electrolyte absorbs a part of the blue incident light, resulting in a decreased blue response [6] .
Conversion of the incident solar spectrum to monochromatic light would greatly increase the observed efficiency. To this end, one needs to modify the energy of incident ¶ E-mail: w.g.j.h.m.vansark@chem.uu.nl Fax: +31 30 253 7601 photons such that E ph equals E g , or is slightly larger. To distinguish any modification of photon energy from the distinct terms down and up conversion, we will use the term spectral down conversion (SDC) or spectral up conversion (SUC) throughout this paper. Down conversion strictly is used for the conversion of exactly one high-energy photon to exactly two lower energy photons, whereas up conversion is the conversion of exactly two low-energy photons to exactly one higher energy photon. Spectral down conversion was suggested in the 1970s to be used in so-called luminescent concentrators that were attached on to a solar cell [7] [8] [9] [10] . In these concentrators, organic dye molecules absorb incident light and re-emit this at a red-shifted wavelength. Internal reflection ensures collection of all the re-emitted light in the underlying solar cells. It was suggested to use a number of different organic dye molecules of which the re-emitted light was matched for optimal conversion by different solar cells. This is similar to using a stack of multiple solar cells, each sensitive to a different part of the solar spectrum. The expected high efficiency in practice was not reached as a result of not being able to meet the stringent requirements to the organic dye molecules, such as high quantum efficiency and stability, and the transparency of collector materials in which the dye molecules were dispersed [7] [8] [9] [10] .
Recently, quantum dots (QDs) were proposed for use in luminescent concentrators instead of organic dye molecules [11] [12] [13] . Quantum dots are nanometer-sized semiconductor crystals of which the emission wavelength can be tuned by their size, as a result of quantum confinement [14, 15] . The advantages of QDs with respect to organic dye molecules are their high brightness, stability and quantum efficiency [16] . In addition, QDs absorb all the light of a wavelength smaller than the absorption maximum, in contrast to the small-band absorption of dye molecules. As an example, CdSe/ZnS core-shell QDs of 4 nm diameter have an emission maximum around 550 nm [17] [18] [19] , which would be ideally suited for amorphous silicon solar cells.
A simple and potentially cheap way of employing the principle of SDC is to coat a solar cell with a transparent layer that contains a spectrum-shifting moiety. Such a planar spectral down converter can be applied to existing solar cells without modifications to the solar cell design. Hence, optimization of the converter can be done independently of the solar cell. Optimization of the converter should lead to an increase in the conversion efficiency of the solar cell. An 8% relative increase in conversion efficiency was reported in case of a CdS/CdTe solar cell, where the coating in which a fluorescent coloring agent was introduced increased the sensitivity in the blue [20] . Recent results on coating a multi crystalline silicon solar cell indicate a 6% relative increase in conversion efficiency [21] . This species has an absorption band around 400 nm and a broad emission between 450 and 550 nm. As QDs have a much broader absorption it is expected that in potential the deployment of QDs in planar converters could lead to relative efficiency increases of 20−30%. Besides QDs, other materials have been suggested such as rare-earth ions [22] and dendrimers [23] . A maximum increase of 22.8% was calculated for a thin film coating of KMgF 3 doped with Sm on top of a CdS/CdTe solar cell, while experimental results show an increase of 5% [24] . Spectral down conversion employing QDs in a polymer composite has been demonstrated in a lightemitting diode (LED), where a GaN LED was used as an excitaion source (λ em = 425 nm) for QDs emitting at 590 nm [25] .
In this paper, we will explore the feasibility of QD use in planar converters on top of solar cells. First, a quick method is used to assess the effects of varying emission wavelength on solar cell performance using small-band QD emission spectra. Second, a more detailed method is used, where the effect of the incorporation of QDs in a plastic layer on the incident solar spectrum is determined. This includes different QD sizes (i. e., absorption/emission maxima) and concentrations. The modified spectrum then is used as input in solar cell simulation programs suited for either crystalline or amorphous silicon. We will study the effects of QD size (spectral properties) and concentration of the conversion efficiency and will determine the optimum for both the mc-Si and a-Si : H solar cell. As the spectral response of these types of cells differs, we expect that also the optimum combination of QD size and concentration differ.
Methodology
The configuration that is studied is depicted in Fig. 1 . A plastic layer containing quantum dots is applied on top of a solar cell. The size of the quantum dots is chosen such that their emission maximum is in the red part of the spectrum; they thus will absorb both blue as well as green incident light. We implicitly assume that the solar cell has an optimum spectral response in the red. Depending on the concentration of QDs also unabsorbed blue and green light enters the solar cell. Of course, highly transparent plastics are to be used.
The effects of QDs in planar converters will be assessed on standard baseline solar cells the are reproducibly manufactured at ECN and Utrecht University. We will first describe the two types of solar cells under investigation, i. e., multi crystalline silicon and hydrogenated amorphous silicon. Their performance will be simulated under standard AM1.5G spectral conditions using software specifically designed for either material.
Inclusion of QDs in a planar converter on top of a solar cell leads to spectral changes. We will first study the effect of small-band emission spectra of QDs on the solar cell performance parameters. This will quickly show the potential benefits of QD use. Finally, a more thorough analysis will be carried out that includes the modifications of the AM1.5G spectrum due to QD absorption and emission.
Solar cell configurations
The standard baseline n−p−p + mc-Si cell has parameters that are typical of low-cost commercial products, including series resistance, shunt conductance and a second diode [26] . It measures 10 × 10 cm 2 in area and has a shallow diffused emitter of 50 /sq. The thickness of the cell is 300 µm. The front broadband reflectance is 9% across the solar spectrum. The front surface is coated with a 71 nm thick silicon nitride anti-reflection coating with a refractive index n = 2.1. The thickness of the back-surface field (BSF) is 9 µm and has a p + doping level of 4 × 10 18 cm −3 . The performance of the solar cell is simulated with the simulation programme PC1D (version 5.8) [27, 28] . The calculated performance parameters (short-circuit current I sc , open-circuit voltage V oc , fill factor FF, efficiency η) are given in Table; the current-voltage characteristics and spectral response are shown in Fig. 2 . The standard baseline a-Si : H cell has the usual layer configuration glass/TCO/p-a-SiC : H/i-a-Si : H/n-a-Si : H/Ag, with layer thicknesses of 1 mm, 1 µm, 8 nm, 500 nm, 20 nm, and 200 nm, respectively [3] .
TCO is a transparent conductive coating, such as SnO 2 . Activation energies for n and p layer are 0.24 eV and 0.46 eV, respectively. Solar cell performance is simulated with the programme ASA (version 3.3) that includes specific features of amorphous semiconductors, such as sloped band edges and midgap dangling bond density models [3, 29] . The calculated performance is compared to the performance of the mc-Si cell in Table and 
Small-band spectrum
A simple approach that allows the selection of the most appropriate QD size entails simulation of solar cell performance employing small-band QD emission spectra solely. To this end, we used normalized emission spectra and scaled them such that the integrated spectral density was 500 W/m 2 . A typical normalized emission spectrum is shown in Fig. 3 [30] . These scaled spectra were then used as input for the simulation programmes PC1D and ASA. We varied the center emission wavelengths in 50 nm steps in the range 400−1000 nm, and simulated solar cell performance.
Modified AM1.5G spectrum
In the configuration shown in Fig. 1 , the incident AM1.5G spectrum converted to amount of photons per wavelength s (λ) will be modified by absorption of photons. First, the amount of absorbed photons a (λ) is determined from the QD absorption spectrum, which depends on the QD size, their concentration in the converter layer, and the thickness of this layer. This absorbed amount is subtracted from the AM1.5G spectrum:
As the QDs re-emit light at a red-shifted wavelength, the amount of emitted photons e (λ) is calculated from the QD emission spectrum. To this end, data for quantum efficiency is assumed, as well as the assumption that 3/4 of the emitted photons is directed towards the underlying solar cell, due to internal reflection in the converter layer [13] . The amount of emitted photons then is added to the already modified AM1.5G spectrum:
Finally, the resulting spectrum serves as input for the solar cell simulation models. The most common approach to calculate absorption of photons is by using the Lambert-Beer equation: the photon flux density (x, λ) after passing a distance x in a film
where 0 (λ) is the incident photon flux density. The exponential term equals α(λ)x = ε λ CD, with ε λ the molar extinction coefficient (M −1 cm −1 ), C is the chromophore concentration (M), and D is the thickness of the film (cm). The molar extinction coefficient can be measured directly, or determined from measurement of the absorption spectrum (see below). The chromophore or QD concentration can be varied at will, from the nM to the mM range. The thickness of the film (converter) typically will vary between about 1 µm and a few mm. In the following we will desctibe in detail the followed procedure for QDs emitting at 603 nm.
Quantum dots of high quantum yield (η em = 0.8) are routinely synthesized in our laboratory following a singlestep route using trioctylphosphine oxide (TOPO) and hexadecylamine (HDA) [30] . The resulting typical (normalized) absorption A n (λ) and emission E n (λ) spectra are shown in Fig. 3 . These spectra have been normalized with respect to the absorption and emission maximum occurring at 594 and 603 nm, respectively. The normalized absorption spectrum can be converted to a wavelength-dependent molar extinction coefficient but requires the determination of the QD concentration with is cumbersome and timeconsuming. Instead we used the reported cubic relationship between molar extinction coefficient and particle size as reported by Leatherdale et al. [31] (radius) and Schmelz et al [32] (diameter). The particle diameter is determined from the absorption maximum at 594 nm using the relation between absorption maximum and particle diameter reported in literature [33] [34] [35] 
and the modified amount sa,603 (D, λ) is calculated with Eq. (1): Now, photons will be emitted at quantum efficiency η em = 0.8. Further assuming isotropic emission and internal reflection 75% of the emitted photons will reach the solar cell: η t = 0.75.
Therefore, the integrated amount of emitted photons equals η t η em times the integrated amount of absorbed photons
where e,603 (D, λ) is scaled to e,603 (λ) such that
The normalized amount of emitted photons as a function of wavelength e,603 (λ) is calculated from the normalized emission spectrum E n (λ). The amount of emitted photons e,603 (D, λ) then is added to the already modified AM1.5G spectrum sa,603 (D, λ) with Eq. (2) to yield:
The modified spectrum sae,603 (D, λ) serves as input for the solar cell simulation models.
As an example, Fig. 4 shows the result of this procedure for the QD with λ em = 603 nm, which also illustrates the effect of QD concentration. For a converter thickness D = 1 mm, we have varied the QD concentrations from 1 µM to 1 mM. At a concentration of 1 µM an appreciable amount of photons is absorbed in the blue part of the AM1.5G spectrum, while the modified spectrum is increased at the QD emission wavelength. For higher concentrations this effects is clearly much stronger. Note, that the product CD determines the amount of spectral change. Optimum values for QD concentration are related to the thickness of the converter.
In order to study the effect of different QD size we shifted the emission spectra in the emission wavelength range 300−700 nm, with 50 nm steps. We assumed that the form of spectra remains indentical, which is reasonable, as seen in reported absorption/emission spectra as a function of QD size [30] [31] [32] [33] [34] [35] . The particle diameters are again determined from the absorption maxima using the relation between absorption maximum and particle diameter reported in literature [33] [34] [35] .
The extinction coefficients at then calculated with the equation from Leatherdale et al. [31] . The modified spectra sa,λem (D, λ) are calculated following the procedure described above.
Results and discussion

Small-band spectrum
The effect of incident small-band spectra on solar cell performance can be easily simulated. We varied the center emission wavelengths of the QDs in 50-nm steps in the range 400−1000 nm, scaled to 500 W/m 2 . The results obtained with PC1D for the mc-Si cell are shown in Fig. 5 . A clear increase in short-circuit current from 1.3 A at QD emission wavelength of 453 nm to an optimum of 2.6 A at 853 nm is observed, with a concomitant increase in conversion efficiency from 12 to 24%. Both fill factor and opencircuit voltage hardly change. The optimum wavelength of 853 nm does not coincide with the wavelength where the spectral response is at its maximum (see Fig. 2, b) . At this optimum of about 600 nm the spectral response is 11% larger than the one at 850 nm. At present, we cannot explain this. The performance parameters compare most favorably to the ones obtained from simulation with an AM1.5G spectrum at 500 W/m 2 spectral density, i. e., short-circuit current I sc = 1.559 A, open-circuit voltage V oc = 0.5851 V, fill factor FF = 0.7937, efficiency η = 14.48%. Clearly, if the complete AM1.5G spectrum could be converted to only one small-banded wavelength region the optimum center wavelength should be around 850 nm, which leads to a near doubling of conversion efficiency. The effects on hydrogenated amorphous silicon solar cells are much less spectacular. The simulation results with ASA are shown in Fig. 6 . Clearly, an optimum in short-circuit current exists at a QD emission wavelength of 500 nm, i. e., I sc = 55.63 A/m 2 . This optimum coincides with the optimum in the spectral response curve (Fig. 2, b) . However, the optimum is lower than the short-circuit current calculated using the AM1.5G spectrum at 500 W/m 2 spectral density: I sc = 59.53 A/m 2 . This most probably is caused by the small-banded spectral response of the a-Si : H cell.
Modified AM1.5G spectrum
As the optimum center emission wavelength of QDs in the planar converter on top of a mc-Si solar cell appears to be around 600 nm, we simulated the solar cell performance changes for the QDs with λ em = 603 nm for a concentration range from 1 nM to 1 mM. The effects on the AM1.5G spectrum were already shown in Fig. 4 for a concentration range from 1 µM to 1 mM. Fig. 7 shows the relative current increase of the mc-Si solar cell as a function of cell voltage for the concentration range from 1 nM to 1 mM. A clear constant increase in short-circuit current of about 6 × 10 5 %/M is observed up to a concentration of 1 µM. For higher concentrations the effect levels off, to even decrease at a concentration of 1 mM. Here, the beneficial effect is counteracted by the increased absorption due to this high concentration. The effect on all solar cell performance parameters is shown in Fig. 8 . Clearly, the effects start to occur at 1 µM. While both shortcircuit current and maximum generated power P max follow similar behavior, the open-circuit voltage and fill factor only slightly decrease. The efficiency depicted in this figure does not equal FFI sc V oc . As the QD concentration increases the spectral density incident on the solar cell decreases. We calculated the efficiency based on this decreasing intensity and not based on 1000 W/m 2 . Therefore, the effect on efficiency is most spectacular: an increase of 30−40% is calculated.
It should be noted that in practice the results for the highest concentrations (0.1−1 mM) will not be as high as presented here, due to the fact that re-absorption is not taken into account in our simulations. This will lower the amount of emitted photons that enter the solar cell, which will be apparent in a lower peak in the modified spectrum at the QD emission center wavelength. Nevertheless, a relative increase of near 10% is to our opinion realizable. In addition, as the product of QD concentration and converter thickness CD determines the amount of spectral change, high concentrations can be avoided in converters of larger thickness, as long as CD remains constant.
For the simulation of QDs in the planar converter on top of a-Si : H cells we used QDs of center emission wavelength of 503 nm, as at this wavelength the strongest effects are expected (Fig. 6) . The results for the short-circuit current are shown in Fig. 9 , for a concentration range from 0.1 µM to 10 mM. At about a concentration of 10 µM the effects on short-circuit current start to be noticeable. This concentration is one order of magnitude higher than in the case of mc-Si. Also in contrast to mc-Si, here, the shortcircuit current decreases with about 10% for a concentration of 1 mM, in close correspondence to the decrease in spectral intensity (Fig. 9) . This has clearly to do with the amount of absorbed photons balanced with the emitted photons in relation to the spectral response. The aim of applying QDs as wavelength shifters is only sensible when an appreciable difference exists in spectral response between the QD center emission wavelength and the lower wavelengths. As the spectral response of the a-Si : H solar cell is already high at low wavelengths, beneficial effects, if any, will be small. As a demonstration, when the QD quantum efficiency equals unity, and when in addition all emitted photons enter the solar cell, an increase in short-circuit current is observed of about 4% for a concentration of 1 mM, as shown in Fig. 9 . Either increasing η em or η t to unity still leads to a decreasing short-circuit current.
Conclusion
The inclusion of a planar converter that contains wavelength-shifting moieties such as quantum dots allows for a better use of the solar spectrum. However, the most beneficial effects will be accomplished if the spectral response of solar cells has a specific form such that the spectral response is low at low wavelengths and high at high wavelengths. The wavelength-shifting moieties should shift the wavelengths where the spectral response is low to wavelengths where the spectral response is high. Further, losses associated with low quantum efficiency and isotropic emission should be avoided, i. e., the quantum efficiency should be as high as possible (unity preferred) and internal reflection conditions should be optimized.
Here we demonstrated that QDs with a center emission wavelength of 603 nm included in a planar converter on top of a multi-crystalline solar cell are capable of increasing the short-circuit current by nearly 10%. A concomitant increase in efficiency, calculated with the amount of photons incident on the solar cell can be as high as 30−40%. Simulation results for planar converters on hydrogenated amorphous silicon solar cells show no beneficial effects, due to the high spectral response at low wavelength.
Experimental verification of the above results is in progress. To this end CdSe/ZnS core/shell QDs will be dispersed in a polymer at varying concentrations. The QD/polymer solution will be subsequently spin coated on solar cells. The best polymer candidate is a polyaurylmethacrylate (PLMA) matrix, of which it is reported that the quantum efficiency of QDs is retained after dispersion in PLMA [25] .
